INTRODUCTION
Bacillus subtilis is a Gram-positive soil bacterium that is particularly well known for its high protein secretion potential (1;2). A small group of secreted Bacillus proteins is formed by lantibiotics, small post-translationally modified peptides that exhibit antimicrobial activity (3) (4) (5) . In general, lantibiotics are characterized by the presence of the unusual amino acids 2,3-didehydroalanine (Dha) and/or 2,3-didehydrobutyrine (Dhb), that are formed by dehydration of serine and threonine residues, respectively (6) . With neighboring cysteine residues they can form a lanthionine (Dha) or 3-methyllanthionine bridge (Dhb). To date two lantibiotics of B. subtilis have been characterized in detail.
These are subtilin from B. subtilis ATCC 6633 (7;8) and sublancin 168 from B. subtilis 168 (9) . In addition, two lantibiotic-like peptides originating from the ericin gene cluster of B. subtilis A1/3 were recently described (10) . Notably, sublancin 168 displays the extraordinary characteristic of having two disulfide bonds in addition to a β-methyllanthionine bridge (Fig. 1 ).
Sublancin 168, specified by sunA, was identified as a type AII lantibiotic by Paik et al. in 1998 (9) . Presumably it acts by forming pores in the cytoplasmic membrane of a sensitive organism (11) . Type AII lantibiotics are characterised by a 'double glycine' GG/GA/GS motif in their leader sequence, GS in sublancin 168, which is preceded by conserved EL/EV and EL/EM sequences. Cleavage occurs immediately behind the double glycine motif during transport by a dual-function transporter that also has leader peptidase activity. The leader is thought to prevent the lantibiotic to become active before translocation (12;13). The sunT gene, which is located directly downstream of sunA, Interestingly, the sublancin 168 operon appears to include the bdbA and bdbB genes (bdb for Bacillus disulfide bond) downstream of sunT (Fig. 2) . The corresponding BdbA and BdbB proteins were previously identified by Bolhuis et al. , and have been implicated in thiol-disulfide redox reactions (14) . BdbA shows sequence similarity to the thiol-disulfide oxidoreductase Bdb of Bacillus brevis (15;16), whereas BdbB shows significant sequence similarity to DsbB of Escherichia coli (15;17) . BdbB was shown to be involved in the folding of PhoA of E. coli upon the expression of this secretory protein in B. subtilis. As PhoA contains two disulfide bonds, this indicates that BdbB is involved in disulfide bond formation. However, compared to its paralogue BdbC, BdbB was less important for the folding of PhoA (15) . These observations prompted us to investigate whether BdbA, BdbB, and BdbC have a role in the production of functional sublancin 168, in particular because this lantibiotic contains two disulfide bonds. The present results show that BdbB and BdbC are involved in the production of active sublancin 168, whereas BdbA is not required. The finding that thiol-disulfide oxidoreductases are required for the synthesis of a peptide antibiotic has never been reported. 
EXPERIMENTAL PROCEDURES
Plasmids, bacterial strains, and growth conditions- Table 1 lists the plasmids and strains used. TY medium contained Bacto tryptone (1%), Bacto yeast extract (0.5%), and NaCl (0.5%). Antibiotics were used in the following concentrations: ampicillin, 100µg/ml; chloramphenicol, 5µg/ml; erythromycin, 2µg/ml; and kanamycin, 10µg/ml.
Xylose was used at 1% (w/v) concentrations.
DNA techniques-Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, and transformation of competent E. coli DH5α cells were carried out as described by Sambrook et al. (18) . Enzymes were from Life Technologies. B. subtilis was transformed as described by Kunst and Rapoport (19) . The nucleotide sequences of primers (5'-3') used for PCR are listed below; nucleotides identical to genomic template DNA are printed in capital letters, restriction sites used for cloning are underlined, and nucleotides used for PCR-mediated coupling are in bold.
To construct B. subtilis ∆bdbA, splicing by overlap extension (20) was used. Two fragments flanking the bdbA gene were amplified and ligated into the chromosomal integration and excision plasmid pORI280 (21) after PCR-mediated coupling or ligation.
The upstream fragment bdbAfr of 811 nucleotides was amplified using the primers bdbAfr1 (GCA ATC AGA TCT TCA GCA GGC AC) and bdbAfr2 (gtt tca tac tag tta gct aat taa tca TAT AGA ATA CTC CTT ATT TTC CGA GTA GCT CG). The subtilis ∆SPβ as indicator strain. This strain was constructed using the sequences with the NCBI accession numbers M81760 and M81762 as described by Lazarevic et al. (22) .
SPβ-cured B. subtilis strains were previously shown to be sensitive to a bacteriocin and 250 single scans were accumulated for each mass spectrum.
Sequence similarity searches and prediction of transmembrane regions-
Similarity searches were performed with the standard protein-protein BLAST algorithm (http://www.ncbi.nlm.nih.gov/BLAST/) at NCBI (26), using Swissprot as the database.
Transmembrane segments in SunT were predicted using the TMHMM algorithm version 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/) at CBS (27) . 
RESULTS
SunT is required for sublancin 168 production-As a first approach to characterize the factors involved in the production of sublancin 168, the production of this lantibiotic by a sunT mutant strain was tested. It has to be noted that the sunT strain contains a pMutin2 disruption in the 3' end of sunT, placing the downstream bdbA, yolJ, and bdbB genes under the control of the IPTG inducible P spac promoter (Fig. 3) . Aliquots of an overnight culture of B. subtilis sunT were spotted on a plate with the sublancin 168-sensitive indicator strain B. subtilis ∆SPβ. It was found that B. subtilis sunT completely lacked sublancin 168 activity (Fig. 4) , also after induction of bdbA, yolJ, and bdbB transcription by the addition of IPTG (data not shown). The latter observation shows that the lack of sublancin 168 production is not caused by a polar effect on the transcription of the genes located downstream of sunT. Taken together, these results demonstrate that
SunT is essential for the production of active sublancin 168. In what follows, this conclusion is corroborated by mass spectrometry.
BdbB has a major role in sublancin 168 production-To investigate whether
BdbB is involved in the production of sublancin 168, the halo assay with the ∆SPß indicator strain was performed as described above. Indeed, B. subtilis bdbB showed a significantly decreased cell-killing activity compared to the parental strain 168, indicating that BdbB is involved in the production of sublancin 168 (Fig. 5) . The effect of the bdbB mutation was particularly evident when the cells were grown in the presence of 1% xylose, which is in accord with the observation that xylose affects sublancin 168 production or activity already in the parental strain ( Fig. 5 ; compare the halo size of B.
subtilis 168 in the presence and absence of xylose). To determine whether the decreased sublancin 168 activity in B. subtilis bdbB was a direct consequence of the disruption of bdbB, we constructed B. subtilis bdbB-XbdbB, in which the bdbB gene is ectopically expressed from a xylose-inducible promoter. As shown in Fig. 5 , the ectopically expressed bdbB gene fully restored the production of active sublancin 168 in the presence of xylose. Thus, BdbB is important, but not essential for the production of sublancin 168.
BdbC can partly replace BdbB-The residual activity of sublancin 168 upon disruption of the bdbB gene suggested that another protein was at least partly able to fulfill the role of BdbB. Especially BdbC was a likely candidate, because of its high degree of sequence similarity with BdbB (15). Therefore, the possible effect of a bdbC disruption on sublancin production was tested. In contrast to the bdbB mutant, the bdbC mutant produced sublancin 168 at levels that were comparable to those produced by the parental strain (Fig. 6) . However, the strain with the bdbB and bdbC genes both disrupted, did not display any sublancin 168 activity. This leads to the conclusion that BdbC is not required for production of sublancin 168 when BdbB is present.
Nevertheless, BdbC can partly replace BdbB in the absence of the latter.
BdbA is not required for sublancin 168 production-To investigate the role of
BdbA in sublancin 168 production a strain with a clean bdbA deletion was constructed and subsequently tested for sublancin 168 production. This strain did not show any sublancin 168 activity (Fig. 7) . However, also when this strain was provided with a bdbA gene that was ectopically expressed from a xylose-inducible promoter, sublancin 168 production was not restored (data not shown). This indicated that bdbA, unlike sunT, is not essential for this process. As shown in Fig. 3 , the sunT and bdbA genes are partially overlapping. Thus, the 3' end of the sunT gene might have been damaged during the construction of the clean bdbA deletion strain. Alternatively, the deletion of bdbA might interfere with the expression of its downstream genes, resulting in reduced levels of active sublancin 168. Therefore, a pMutin2-based integration plasmid containing the 3' end of sunT was constructed. Upon a Campbell-type integration of this plasmid (pMsunTrec), the 3' end of sunT was replaced with the experimentally verified correct sequence. Simultaneously, the downstream genes of bdbA were placed under the control of the P spac promoter. Subsequently, we determined whether sublancin 168 activity in the resulting strain ∆bdbA s+ was restored. This was indeed the case as depicted in Fig. 7 . The observed sublancin 168 production by this strain, which lacks bdbA, implies that BdbA is dispensable for the production of this lantibiotic. In conclusion, the present observations show that SunT and BdbB are major determinants for the production of sublancin 168, whereas the production of subtilosin does not depend on these proteins. domain, which is conserved in LcnC, is probably not spanning the membrane as this would localize the ATP-binding domain at the extracytoplasmic side of the membrane (Fig. 9) . Importantly, all 10 cysteine residues of SunT have a predicted cytoplasmic localization, which makes them unlikely substrates for BdbB or BdbC, the catalytic domains of which are localized at the extracytoplasmic side of the membrane (15) .
Subtilosin production is not affected in bdb mutants-
Consequently, an indirect influence of BdbB or BdbC via SunT on sublancin 168 appears to be unlikely.
Apart from the fact that the SPβ prophage is required for immunity against sublancin 168, it is presently not known how this immunity is acquired. In general, two distinct systems for immunity against bacteriocins have been described. The first makes use of dedicated 'immunity' proteins, small proteins that are weakly associated with the outer surface of the cytoplasmic membrane thereby preventing pore formation (11;37;38) . The second is constituted of ABC-transporters (39) (40) (41) . In this light, SunT could represent a sublancin 168 immunity system that actively prevents the accumulation of this lantibiotic in the membrane (22) . However, our preliminary data show that the sunT mutant used in the present studies is resistant against sublancin 168, which suggests that SunT is not involved. Likewise, BdbA, BdbB and BdbC are not required for immunity (data not shown).
Even though the bdbA gene partly overlaps with the upstream sunT gene, the deletion of this gene in the ∆bdbA S+ strain did not affect the production of active sublancin 168. This is remarkable, because BdbA is the equivalent of Bdb of B. brevis, which can replace the major oxidase DsbA of E. coli (16) . The fact that BdbA is dispensable for sublancin production does not exclude its possible involvement in this The fact that subtilosin production is not affected in the mutants studied is fully consistent with the recently published structure of this peptide antibiotic (30) . According to this model, subtilosin has three inter-residue bridges in which its cysteine residues are involved. Two cysteines are linked with phenylalanine residues, and one with a threonine. This raises the intriguing question how subtilosin molecules escape from disulfide bond formation during their export, in contrast to sublancin 168 molecules.
Strikingly, both for subtilosin and sublancin 168, molecule species were observed with increased molecular mass when B. subtilis bdbB-XbdbB was grown in the presence of 1% xylose. This unprecedented finding shows that subtilosin as well as sublancin 168
can undergo growth medium-dependent modifications. Based on the observed mass increases, it is possible that subtilosin has one xylose adduct (+132 Da), whereas sublancin 168 has either one (+132 Da) or two (+264 Da) of these adducts. Notably, Paik et al. have previously reported a modification of sublancin 168, which increases its mass with 164.48 Da (9) . The precise nature of these modifications and their effect on bactericidal activity remain to be elucidated.
In conclusion, the present observations show for the first time an involvement of thiol-disulfide oxidoreductases in the production of a peptide antibiotic. Furthermore, our results reveal an important function of the BdbB and BdbC proteins in the B. subtilis cell.
Thus far, the BdbB protein was only known to be involved in the folding of the heterologous secretory protein PhoA, whereas BdbC was shown to be required for XbdbB. In the latter strain, the ectopic expression of the bdbB gene is controlled by a xylose-inducible promoter. TY plates used in the lower panels were supplemented with 1% xylose. Sublancin 168 production was tested as described in Fig. 4 . Fig. 6 . Sublancin 168 production in B. subtilis 168, and bdbB, bdbC single and double mutant strains. Sublancin 168 production was tested as described in Fig. 4 . Fig. 7 . Sublancin 168 production in B. subtilis ∆bdbA and B. subtilis ∆bdbA S+ . Sublancin 168 production was tested as described in Fig. 4 . 
